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1. INTRODUCTION

In our initial study of rare gases (Rg), we cxamincd the possibility of storing energy for extended
periods in the a3Zﬁ ¢xcited electronic statc of the helium dimer (Chabalowski ¢t al. 1988). Our
calculations provided the first reliable estimate of the lifetiine of this state, which was found to be 18 s
for the isolated dimer. We are continuing to explore the possibilitics of using the Rg as a mcdium for

high-encrgy density storage.

Apkarian and coworkers (Fajardo and Apkarian 1986, 1988a, 1988b) have choscn solids composcd
of Rg atoms as a starting point for studying encrgy storage via photo-induced, charge transfer (CT)
reactions. This choice was based, in part, upon the Rg atoms providing " ., . the necessary concepiual
simplicity to afford a detailed and rigorous description of the funda. ucntals of these processes.” Part of
this "simplicity” is duc to the absence of complex ground state interactions. Apkarian et al, have studied
spectra of these CT transitions in liquid xenon (Wicdeman, Fajardo, and Apkanan 1987; Okada,
Wicdeman, and Apkarian 1989; Fajardo ct al, 1988) and in doped Ry solids (Fajardo and Apkarian 1986,
1988a, 1988b, 1987; Kunttu et al. 1990; Okada, Wicdeman, ar:d Apkarian 1989) (for various Rg systems)
demonstrating that spatially separated, long-lived, dipolaron states are produced in the Xe/Cl system via

the reaction (Fajardo and Apkariun 1988b):

Xe 4+ 1ICT + 2hy — Xe *(HCD™,

In addition, they have demonstrated the Iasing capabilitics of XceF in crystalline argon, creating a lascr
tunable over an §0-nm range in the visible region (Katz, Feld, and Apkarian 1989). Other combination
of Rg halides are expected o be likely candidates as tunable Tasers in the visible, ultraviolet (UV), and
vacuum UV spectral regions (Schwentner and Apkarian 1989). Classical molecular dynamics studics by
Gerber and coworkers (Gerber, Alimi, and Apkarian 1989; Alimi, Brokman, and Gerber 1989; Alimi,
Geiber and Apkarian 1989) have shed some light on possible mechanisms for dissociating F, (Alimi,
Gerber, and Apkarian 1990), Cl, (Gerber, Alimi, and Apkarian 1989; Alimi, Brokman, and Gerber 1989),
and HI (Alimi, Gerber, and Apkarian 1989) in Rg solids. They found large qualitative differences in the
dissociation mechanisms as well as the dynamical pathways followed by the dissociated atoms among

these three molecules.




Last and George (LG) (Last and George 1987a, 1987b, 1988; Last, Kim, and George 1987; Last
et al. 1987) have performed semi-cmpirical (i.e., DIIM and DIIS) quantum chemical calculations on various
(Xe, Cl) and (Xe, HCI) systems, predicting potential encrgy surfaces, permancnt dipole moments,
elzctronic transitioa cnergics, and clectric transition dipole moments. From these calculations, they made
assignments to the observed absorption and emission specira, provided structural data for the complexes
in the gas and solid states, and rationalized the observed bandwidths. Their findings are generally in good
qualitative agreement with experiment. As LG have pointed out, there have been very few ab initio

calculations on related systems.

With respect to energy storage, the physical model for the long-lived, separated charges is a halide
negative ion scpatated from the trapped, positively charged hole state which appears to be quasi-localized
on Rg molecules of weakly bound Rg atoms. There is cvidence suggesting that the pozitively charged
Rg, (+) chains arc lincar and prefer n=3 in the solids (Fajardo and Apkarian 1988b), witih the Rg-Rg
interatomic distance being shonter than what is seen in the ncutral Rg matrix. Thesc separated dipolaron
states can cxist so long as the negatively charged halide, X(-), remains scparated from the Rg, (+) hole.
But when the (+) holes migrate to the X(-), they rapidly form the exciplex Xe,(+)X(-), releasing the
exciton cnergy as fluorescence. The gas phase equilibrium geometry for the Xe,Cl exciplex in the 4°r
statc is predicted 10 have a Xc-Xe scparation of 3.17 A (5.99 bohr) (Stevens and Krauss 1982) and a
Cl-Xe separation of 6,41 bohr (Fajardo and Apkarian 1986).

The cationic self-trapped holes (STHs) can migrate to the X(-) by onc of the following two methods:
(1) cither by tunncling, or (2) by "hopping" (Fajardo and Apkarian 1988b) (duc to a thermal perturbation)
which stretches the Xe-Xe, (+) bond lengths to the reutral geometry, apparenlly increasing the encrgy of
the R, (+) to that of an excited hole state and conducting the hole w the X(-). At a constant tcmperature
of 12 K, the scparated dipolarons for Cl in Xe have been shown to exist for longer than 30 hr, with the
rate-determining step to recombination being the ability of the trapped hole to tunnel (Fajardo and
Apkarian 1988b).

Schwentner, Fajardo, and Apkarian (1989) presented the CT process as the excitation of a positive
"hole” (analogous to an clectron in an atom) into a Rydberg orbit with the halide a'om acting as a
negatively charged "nucleus” of infinite mass. Based on this model, they calculale the Rydberg term
values B, and the state radii r for these Rydberg states, The progression of predicted B, energies fit quite

nicely to the experimentally derived values obtained from excitation spectra. To date, Xe has been the




only Rg+halide matrix 10 show such a Rydberg (hole) progression spectra (Schwentner, Fajardo, and
Apkarian 1989). This delocalized Rydberg "hole" description has been shown to be applicable for Xe :.ad
perhaps Kr but not the lighter Rg atoms (Schwentner, Fajacdo, and Apkarian 1989). In addition, no
gvidence has been sezn experimientally to support a delocalized hole state for F in Rg solids. Xe appears
to play a special role among the Rg in its ability to stabilize the charge separation. This dependence of
the charge transfer process and stabilization on the halogen and type of Rg matrix warrants further

theoretical study.

To obtain an understanding of the microscopic processes involved in formation ¢ the exciplex, as well
as the factors determining the lifetime of the separated dipolarons, one nceds detailed information aboat
the elecironic structure and molecular interactions. This report describes an ab initio study of the
Rg/alide interactions of HCl with Xe atoms. Extending our previous work on HCl (Adams and
Chabalowski, to be published), quantum chemical calculations are performed on the ground and low 1y rig
excited staies of XeCl and HCIXe, using cffective core potentials (ECPs) 1o represent the inner sheil
electrons, statc-averaged complete active space MCSCF (SA-"ASSCF), and contiguration interaction (CI)
calculations. The purpose for the XeCl calculations was to ascertain how well the ECPs reproduce known
experimental molecular properties as well as propertics calculated by earlier ab initio studies. In the
HClXe system, we are most interested in determining the qualitative nature of the excited electronic states
and if a CT state exists even in these small model systems, The permanent clectric dipole moments and
transition dipole moments will also be predicted as a function of HCIXc separation. The transition

moments offer a semi-quantitative measure for the likelihood of populating cach electronic state.
2. DETAILS OF CALCULATIONS

Ali calculations werc carried out in the C,, point group. The atomic basis scts used arc a combination
uf Gaussian-type orbitals and the ECPs of Wadt and Hay (1985). The ability of our codes to handle ECPs
allows for the trcatment of systems including such heavy atoms as Xe. The Guassian basis consists of
an uncontracted set of four s-type primitives (Van Duijneveldt 1971) and one p-type polarization function
(0p=0.75) on hydrogen, giving [4s,1p]. The chlorine basis contains three noncontracied s- and p-type
valence atomic obitals (AOs) with exponents optimized for their use with the ECPs (Wadt and Hay 1985).

This is augmenied by a negative ion function (0p=0.049) (Dunning and Hay 1977) and a polarization

function (64=0.50) (Dunning and Hay 1977), as well as a set of nonconiracted Rydberg functions
(6:=0.025, 0P=0.020, 6,4=0.015) (Dunning and Hay 1977), for a total basis sct of {4s,5p,2d]. Likewisc,




the Xe basis associated with the ECPs (Wadt and Hay 1985) consists ¢{ three s- and p-typc primitives
which remained uncuntracted and were augmented by a single polarization function (6,=0.25) (Hay and

Dunning 1978), giving [3s,3p,1d].

The mole~ular orbitals (MOs) used as expansion vectors in the CI calculations are obtained from the
SA-CASSCEF calculations using the general second-order density matrix driven MCSCF algorithm of
Lengsficld (1982). These MOs should be suitable for describing both the ground and excited states. The
CI wavefunctions are generated from the symbolic matrix cicment, direct-Cl method called ALCHEMY
(Liu and Yoshimine 1981) by doing all single ar -iouble clectronic excitations from a sct of refercnce
configuration state functions (CSFs). The details of the SA-CASSCF and CI approaches will be given

in the appropriate sections.

Potential encrgy curves (PECs) and electronic transition dipolc moments are then calculated as a
function of atomic positions. The vibrational wavefunctions corresponding to the PECs for the diatomic
systems were determined by solving the radial Schroedinger cquation for nuclear motion (ignoring
rofational motion). Transition probabilitics and radiative lifetimes are predicted based upon the previously
mentioned treatment.  One potential weakness in these calculations is the neglect of spin-orbit (SO)
interactions. But carlier theoretical work done by Hay and Dunning (1978) on XeCl showed that much

useful qualitative and semi-quantitative information can be obtained without inclusion of SO cffects.

3. Xe-Cl INTERACTIONS

3.1 Details of Configuration Intcraction Calculations. We have calculated the PECs for the 1,22):’

and the 1,2211 states. In the C,, point group these states transform as L*(A,), T1,(B,), and T1,(B,), so the
state symmetrics included in the SA-CASSCF arc 1,2A,, 1,2B,, and 1,2B,, with the weighing scheme
w=(1,1,1,1,1,1). Due to the molecular symmetry, no loss of generality occurs by considering only the x-
component of the IT states in the Cls, with an appropriate factor of 2 applied when necessary. Al the
valence electrors remained active in the CI, and the entire sct of virtual orbitals was retained. The MO
3) and

(162207 30! 402 1nk2n’.2n,2n) , and for the *T1,(B,) states are (107202302 402, Iz, 17,273, 2,)

fillings in the two reference CSFs for the 22*(A1) states arc (102,202,302,401,11:3,11:3,'27:1‘,21:

and (10‘2.202.302.402,lni,lﬁi.Zni,?_ng). All singie and double excitations were done from these filled

orbitals into the virtual space,




The final C wavefunctions are then used to study the strong transitione 22N-12M and 222° 122",
as well as the weak 2°T1-+12E° and 22X* — 121 transitions, reporting lifetimes for emissions from the v'=0
levels. This is believed 10 be the first repont of theoretical predictions for the lifetimes of the weak
transitions. Empincal spin-orbit (SO) cffects are then included to obtain SO-corecied PECs and electnic

dipole transition moments for three transitions.
3.2 Kesults.

3.2.1 Neglecting Spin-Orbit. The X Tl system has alrcady been studied both theoretically (Hay and
Dunning 1978; Huber and Herzberg 1979) and experimentally (Inoue, K, and Satser 1984; Grieneissen,
Xue-Ting, and Komps 1981; Vclazco and Setser 1975; Brau and Ewing 1975). The current PECs without
SO cffects can be seen in Figure 1, and molecular constants are reported in Table 1 along with values
from theoretical work by Hay and Dunning (1978) (HD) and available expcrimental values. As can be
seen in Table 1, our cquilibrium bond lengths and ®,’s are in reasonably good agreement with HD)'s
values. Figure 2 gives the electric dipole transition moments, p,, for the strong transitions as a function
of R(Xe-Cl). Near the R (6.4 bohr) for the 2 25+ excited state, the @, for the Z-Z transition is
approximately 4.5 times greater than the I1-IT moment. The transition moments and } ECs from this work

are nearly identical to those calculated by HD when SO is ignored.

Table 1 also includes the results of our vibrational analysis for the radiative lifetimes. Again, our
predicted lifetimes for the strong transitions, 1:(222*—)12?):6.0 ns and 1(22H—>12ﬂ)=74.0 ns, arc very
similar to HDs without SO effects (i.e., 5.6 ns and 64.0 ns, respectively). In HD’s swudy, the SO

corrections had a significant affect on these lifetimes, nearly doubling the aforementioned valucs.

3.2.2 Including Spin-Orbit. It should be kept in mind that with the inclusion of SO effects, the term
symbols 2X* and 21T will only be approximations to the correct statc descriptions due 1o mixing of
different A components of £2 through the spin-orbit operator. We have included SO couplings in the same
way as HD), using thc empirically obtained atomic Cl and Xe* SO coupling parameters. The inclusion
of SO effects mixes the 2211-22%* and 12T1-12%* states. The resulting wavefunctions for the states, in

HD’s nomenclature, arc as follows:

with Q=1/2,

I (1229 = Aoy WP (175%a) + Beoy ¥ (1711p) = X, %))

5
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Figure 1. Potential energy curves (all units are atomic) for the 1,2*%*) and 1,2*1) electronic
states in XeCl as a function of intemnuclear separation excluding spin-crbit effects,
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Figure 2. Absolute velue of the electric dipole transition moments, p (in atomic units), for the strong

transitions 2°X* «1%%* and 2°T11°I1 in XeCl as a function of intemuclear separation.




Table 1. Molccular Constants and Radiative Lifetimes for XeCl Ignoring SO Effects

State
zigt

2%

X0 W 5 2t
27— 1?20
2701 - 138t
225t 1N

TRANSITION

R.(A) 7 @ (mv1)

HERE HD® HERE HD
3.20 3.25 198.0 190.0
3,08 3.14 196.0 188.0

Radiative Lifetimes (ns)
HERE HD EXPERDMENT
6.0 5.6 11.1%,17.0°
74.0 64.0 131.0%,53.0°
13.0 ps
50.0 ps

b Fajardo et al, (1988).

Okada, Wiedeman, and Apkanan (1989),

¢ Wadt and Hay (1985, Hay and Dunning (1978).

and

With Q=3/2,

and

s

Ny, () = -BroyWO(12E*a) + By W0(1208),

(272 = A WO2%2a) + B, WO(2°NB) = B,

won

Vip(20) = B W(22E'a) + B, PO2INP).

0n

L,(1P10) = YO = A,

Iy,(2°11) = ¥O(22) = C,

@

(3

)

(5)

(6)




where ‘l’](lzﬂ: IIE+) designates the correction to the 123* state due to the SO interaction with the 121'11 n
state. Within this four-state (in zeroth. order) model, the ‘i‘o(lznm) and ‘P0(22H3n) components of the
I states have no other spin states with which to couple, so the energies of the I3, and 113 5 have been SO
"corrected” by HD (and here) according to the ollowing simple formulae used by HD:

E(ly,) = EQPY) - Ag. O
and

E(lly,) = E(2MM) - Axg,. ®

where A=294 cm ! and Aye:=3.512 cm’! arc the atomic SO coupling constants for the Cl and Xc* atoms,
respectively. Thesc values were taken from HD's Table IT and assumed to be independent of intemuclear
scparation, The mixing cocfficients A and B, as well as the energies for the Q=1/2 states, arc obtained

by diagonalizing the 2x2 matrices as follows:

ECEY 22,
-y2A,  EG+A, |

The A, is cither Ag (for the covalent states) or Ay, (for the ionic states). The A is defined as the SO

splitting parameter,

ECPy;; - ECP, 12)

K-[ 3 )

Figure 3 shows the PECs for the six staies represented by Equations 1—6 with SO corrections te the

cnergics included as described previously.

The R, and o, for a selection of SO-corrected states are given in Table 2. It can be seen that the SO
correetio.: has had litile effect on the R, and @ values for the 111y, and 1V, states. Once again, ow
results for R, and @, are seen 1o be very similar to those of HD when SO is included, with the current

values lying slightly closer to experiment than HID’s, For the 11 1, state, our R, and o, valucs arc 3.17 A

9
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Figure 3. Potential energy curves for six states of XeCl including the cffects of spin orbit interactions.
(See the text in Scction 3.2.2 for a detailed description of the electronic sti tes).
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Table 2. Molecular Constants and Radiative Lifetimes for XeCl Including SO Effects

R(A) w(cm™)
State HERE HD* Exp’ HERE HD Exp’
1, 3.17 3.22 2.94 195.0 188.0 195
IV, 3.12 3.18 — 198.0 189.0 —_—
Transition Moments (y,) and Radiative Lifetimes (1)
HERE HD Experiment
Transition nt 44 B T 1
1P 2.97 8.0 2.75 11.0 11.1,° 27.0¢
My, -1y 0.98 95.0 0.96 1200 131.0° 53.0¢
IVl 0.49 168.0 0.50 180.0 —
AE(eV)
Transition HERE HD Experiment
I, , -1, 4.39 4.20 4.03°
1Ly, 1y, 4.05 3.76 3.63¢
IVy 11y, 5.32 5.13 —

- e a6 o =

s

and 195 cm’, respectively.  The curresponding experimental values are 2.94 A and 195 cm’'. HD's
values are 3.22 A and 188 cm™, respectively. This similarity between the results from our study and from

HD's is expected due to the nearly identical results obtained between the two studics before including SO

Okada, Wiedeman, and Apkarian ([989),

Inouc, Ku, and Setser (1984).

Fajardo ot al. (1988).

Liu and Yoshimine (1981).

Waudt and Hay (19%5), Hay and Dunning (1978).
B in units of Debye.

T in units of ns.

cifects.




The electric dipolc transition moments over SO states are as follows:

<3 1B 12> = Acov Aon<P(27E%)> + BeoyBion<¥(22M) |, | Y1) >, (10)

<IV; 5B 115> = ~AcoyBion<tPR2EY) 1, [YO(12E)> + BeoyAion<¥PQHD n ¥0(12D>,  (11)

and

L)

<y, [P 130> = <UD g [WO(121T)>. (12)

The results for the radiative lifetimes (including SO) are also given in Table 2. The transition dipole
moments and AEs were taken in this study ncar the minima for the excited states. Thesc are R=5.80 bohr
for the 11y, R=5.90 bohr for the 1V, 5. and R=6.00 for the 111, ,, state. The lifetime, 7, is calculated from

the definition of the Einstein cocefficient for spontancous emission;

A= L= 1063 (1P (AE)'x10° sec”, (13)
T

For the 11 ,—1, ,, transition, the lifetimes are T-(8 ns; 11 ns; 11 ns [Inoue, Ku, and Setscr 1984], and 27 ng
|Grieneissen, Xuc-Ting, and Komps 1981)) with the order being (1) this study; (2) HD; and
(3) experiments, respectively. The lifetimes for the 11,15 ) transition are (95 ns; 120 ns;131 ns {Inouc,
Ku, and Setser 1984), and 53 ns [Gricneissen, Xue-Ting, and Komps 1981]), and for the IV, 511,
T=(168ns; 18(ns; no cxperiment), For the ) lifctime, the current result and that of HD's arc in
good agrcement with the more recent experiments of Inouc, Ku, Setser (1984). The lifctime for the
11,15, transition from this study lies midway between the two experimental values and 21% smaller
than the theoretical value predicted by HD. The agreement between the two theorelical studies is much
betier for the 1V, 511, transition (no experimental data available), where our T is only 7% smaller than

HD's.

The discrepancy between the current ©(lly ,— 15 ;) value and that of HD is due in part to a significantly
larger AE predicted in the current study. Table 2 lists the three transition energics predicted by the two
theoretical studics, as well as the experimental values for the I -1, 5 and 114,15 transitions. This
study predicts AE(ILy ,—15 5)=4.05 ¢V, while HD predicts 3.76 ¢V, which is closer 1o the cxperimental
valuc of 3.63 ¢V. As a gencral statcment, the level of CI theory used in the current study should be able
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10 generate more accurate wave functions than the corrclation techniques used by HD.  Apparently, the
higher-lying statc in this study did not receiv: the same level of correlation corrections as the lower state,
L . even though each wave function could very well be a hetter description of that respective ¢lectronic state

than what was produced in the CI calculations of HD.

Since experimental AEs are usually fairly accurately known, one commonly used technique to predict
a lifetime from theory is to combine the theorctical value for the transition dipole moment with the
cxperimental AE, thus eliminating the uncestainty in T due to the transition energy. If we recalculate the
lifetimes for this study and HD's study using this technique, we get 1=133 ns from this study and
R =138 ns from HD, using the electric dipole transition moments from Table 2. These are both very close
to the experimental value of 131 ns predicted by Inoue et al., with the current study now being in better
. agreement with experiment than HD's value. The 1's for the 111, ,—1, 5, recalculated in this fashion, are
. 1(this study)=10.4 ns and t(HD)=12.1 ns, to be compared with t(exp.)=11.1 ns. This again puts our value
of 1 in better agreement with experiment than HD's value, although the agreement with experiment is

quite satisfactory in both cascs.

These calculations have shown that using effcctive core potentials, along with modest-sized
single-and-double excitation CI wave functions, onc can predict clectronic transition probabilitics in good
agrecment with the experimental values. This lends credence o the prediction of such values for
clectronic trunsitions in which experimentation has been unable 10 detemmine the lifetimes in these doped

Rg systems,
4. HCI-Xc INTERACTIONS

HCI Xc is treated as a linear system with the Xe opposite the hydrogen atom, The atoms arc
coincidental with the z-axis of the global coordinate system. Calculations were performed at Cl-Xe
(4.0,5.0,6.0,6.4,7.0,8.0,10.0,12.0,14.9,16.0,18.0,20.0,26.0) bobr while holding

the H-C1 bond length at R _=2.409 bohr (Huber and Herzberg 1979). Henceforth, R(HCI-Xc¢) will simply

- separations of R(HCl-Xe)=

oy
VI v

be referred to as R, All units arc atomic unless other vise stated. The calculations again use effective core
potentials on Xe and Cl for all but the outer shell electrons. MOs are obtained at cach point along the
i PEC from SA-CASSCEF calculations averaging six clectronic states (i.e.. the two lowest encrgy roots from

the A,, B}, and B, IRREPs). The ground state X(T*) transforms as the A, IRREP and the two IT

components, (nx,ny) as the (B,B,) IRREPs, respectively. A [rozen core which included the two lowest
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cnergy MOs of A, symmetry was maintained. The numbers of active MOs per IRREP were then
(A=4,B=2,B,=2,A, =0), with the active clcctrons per IRREP being (A=4,B,=4,B,=4,A,=0).

The use of ECPs is analogous to having a frozen core of MQs, so it must be kept in mind that the
symmetry designations la;, thy, ctc., for the MOs label the lowest energy, noncore MOs from the ay,
b,...IRREPs. With no further freezing of orbitals, these state-averaged MOs are used as expansion vectors
in multircference, single-and-double excitation CI calculations at cach point along the PECs. In the CIs,
duc to the axial symmetry of the sysiem, only the T1 (B;) component of the IT states is calculated. Three
states were calculated from the A, IRREP and four states from the B, Three reference CSFs of A,
symmetry were used and four of By symmetry. The reference CSFs are listed in Table 3, along with the
total number of CSFs retained per IRREP.  Since only singlet states are treated in this study, the spin

muitipticity label will be dropped from the state labcels.

The typical means for describing the general characteristics of clectronic states generated in CI
calculations is 1o refer to the nature of the singly occupicd MOs in the main CSFs for cach state.  This
is especially uselul in determining whether an electronic state is Rydberg, valence, or some mixture of
these characters,  But using state-averaged CASSCF MOs means that these orbitals, at least the ones
inctuded in the active space, are usually guaranteed to be some Rydberg-valence mixture if the states being
averaged are of both characters, as it appears to be in this study, The fact that the state-averaged MOs
arc designed to simultancously describe several states reduces somewhat their interpretive capabilitics,
Thus, apart from the following general comments regarding the MOs, the clectronic states will be

discussed primarily in terms of their calculated propertics.

The A staies are described in their main CSEs by exciting a single electron from the o(4a,) into
cither the Sa; or o4, o’ virtual MOs. The B, states are described by an cexcitation fiom either the n(1b,)
bonding or x(2b;) antibonding MOs into cither the 5a; or 6a, o' MOs. ‘Therefore, both the ¥(A)) and
IL(B}) usc the same (I‘(Sill. 6a,) virtual MOs, which arc mixed Rydberg-valence in character for all
values of R. At R=26.0, the 5a, becomes cssentially 2 C Rydberg-s ombital, and the oa, a 1iCI
o-antibonding orbital, In addition, the o(4a,) MO, which is doubly occupiced in the ground state, is almost
entirely described by Xe atomic p, orbitals for most R values. At the very shon distances where
R=(4.0,5.0), there is moderate contribution from the Cl s- and p-type AOs, but the Xe AOs are still
dominant even at these close distances. So both the 2A, and 3A, clectronic states arise primarily from

an clectronic excitation out of atomic Xc. All the R.’s reported here are determined from a simple three-

point fit to a parabola.




ashi Y]

Table 3. Reference CSFs and Total Number of CSFs Used in Defining the C1 Wave Functions for
HCIXc

Orbital Occupancics in Reference CSFs
IRREPS la, 2a; 3a;, 4a; Sa 6a; 1b, 2b, 3b, 1b, 2b, 3b,
A, States 2 2 2 2 0 0 2 2 0 2 2 0
2 2 2 1 1 0 2 2 0 2 2 0
2 2 2 1 0 1 2 2 0 2 2 0
Total CSFs - 80,372

B; States 2 2 2 2 1 0 2 1 0 2 2
2 2 2 2 1 0 1 2 0 2 2
2 2 2 2 0 1 2 1 0 2 2
2 2 2 2 0 1 1 2 0 2 2 0

Total CS¥s - 115,344

4.1 The B, States. The four reference CSFs (see Table 3) for the 1.2,31B1 states represent G
excitations, As discussed previously, the open shell MOs in the main CSFs are a Rydberg-valence mixiure
and are more correctly referred to as diffuse orbitals rather than pure valence or Rydberg. In addition,
the 6a; MO is comprised primarily of AOs on HCIL for R=(4.0,5.0,6.0), with increasing Xe character going
from 5.0 to 8.0, at which point the 6a; MO is essentially an cven mix of HCLand Xe AOs. The 1b) and
2b; MOs are t bonding and antibonding in character, respectively. For 7.0 <« R 2 12,0, all four MOs
have significant contributions from AOs on both Cl and Xc, making the three B, states truly states of the
complex and not isolated to cither HCL or Xe within this range.  Figure 4 contains the PECs for the
clectronic states of B, symmetry. It appears that the electronic states undergo significant changes in their
character around R=16.0 bohr and again around 20,0 bohr, Figure 5 shows the absolute value of the
clectric dipole transition moments, .., for the 1,2,3131(—17( transitions as a function of R(HCI-Xe). These
100 sugpest major changes tiking place in the description of the clectronic states around 16.0 and

20.0 bohr.

4.1.1 The 1B, State. 'The R for this state is predicted to lic at 8.98 bohr, which is (.62 bohr longer
than ihe ground state minimum, Figure 5 shows the transition moment for llli]e—l lAl changing rapidly

soing from R==4.0 to R=0.0 bohr. The transition moment starts out at 0.21 for R=4.0), then apparently
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goes through zero (with a sign rcversal) near R=6.0, and again rises 1o (.18 at R=8.0. No attempt was
made to verify the changes in sign for transition moments, since it would scrve no purposc in this study.
Examinaticn of the CI cocfficients for the main CSFs ir: the 1B, and 2B, states shows them cxchanging .
character going from R=5.0 10 6.0, which probably accounts for th¢ rapid charge in the transition moment.

From R=8.0, the moment slowly riscs to a valuc of 0.27 at R=26.0, with a slight deviation from its .
monotonic increase occurring around R=18.0. At R=26.0, the transition momecnt appcars to be

approaching the values reported for the R(lﬂ)e-f( transition in HCl, i.c. p, (HCH=(0.37 [Adams and

Chabalowski, to be published], 0.35-0.39 [Van Dishoeck, Van Hement, and Dalgamo 1982]). Tablc 4

reports the transition dipole moments at seclected points along the PECs, and Table 5 contains the

permanent dipole moments for an expanded set of points on the PECs. It is interesting to look at the

permanent dipolec moment of the 1B, along the PEC. From Tablc 5 we scc it holds rather constant at

values ranging from approximately 2 to 3 Debye for R 2 6.0. These values are in close agreemetit with

the calculated value of +2.9 D (Adams and Chabalowski, to be published) for HCl in its K(lﬂ) state.

A look at the vertical transition energics, T, for sclected R-values given in Table 6 show T decreasing

from 8.32 ¢V at R=6.0 to 8.04 ¢V at R=26.0, again in rcasonablc agrecment with the T =(7.90 [Adams

and Chabalowski, to be published], 7.84 [Bettendorff, Peyerimhoff, and Buenker 1982]) ¢V reported for

the A(TT) X transition in HC.

Based on the transition cnergies and the permanent and transition dipolc moments in the region
R=8.0-20.0, the 1B, statc might best be described as the AT state in HCI moderatcly perturbed by
the xenon, For R < 8.0, the xenon atom begins to have a significant affect on the propertics, which is
rcasonable since the sum of van der Waal's radii for CI(1.8 A) and Xe(2.2 A) is 7.6 bohr (4.0 A). The
transition momcnt shown in Figurc 5 appears to be most strongly affected by the close proximity of the
two specics. The calculated propertics for this state leads onc to conclude that its character is that of the
valence K(IH) excited statc of HCl perturbed by the Xe. Only at R=26.0 docs this statc truly become
localized to HCJ, and so only at R=26.0 can the lBl<—~3~(_ transition bc unambiguously assigned to the
K(lﬂ)&?( transition in HCI.

4,1.2 The 2B, Statc. At R=26.0, the 2B, is described as a Cl(px)—m‘(HCI) excitation, with the AQs
on Xe¢ making a very little cont-ibution to the singly occupicd MOs in the main CSFs. The (transition
cnergy given in Table 6 for R=26.0 bohr is T=9.93 ¢V, which lics reasonably closc to T,=(9.65 [Adams
and Chabalowski 1993], 9.67 |Bettendorff, Peycrimhoff, and Bucnker 19821]) for the E(lrl)ei Rydberg

transition in HCI. The values reported in Table 4 for the transition dipole moment in HCI are p =(0.57)
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Table 4. Absolute Values of the Electric Dipole Transition Moments, p ., Between the Ground f((lAl)

and Excited States at Selected R(HCl=++Xe) Distances

Mo
State®  R=60° R=8.0 R=120 R=180 R.26.0 HCI
21A, 0.69 0.68 0.75 0.18 0.01
31A, 1.01 0.34 0.12 0.05 0.00
1!B, 0.04 0.18 0.20 0.25 027  0.37,4035-0.39°
21B, 0.74 0.77 0.55 0.39 0.43 0.57,9 0.48°
3'B, 0.42 0.29 0.19 0.08 0.0 o

Transition dipole moments arc in atomic units.

Transitions to the B, states represent only the [1, component,

R is the distance, in bohrs, between Cl and Xe.

Adams and Chabalowski (to be published), for R(H-CI)=2.40 bohr.
van Dishoeck et al. for R(H-C1)=2.41 bohr.

[T~ « I i

Table 5. Permancnt Electric Dipole Moments at Sclected R Values for the Six Electronic Statcs
in This Study

Pcrmanent Electric Dipole Moments (Debye)

R(bohr 14, 24 KLY 1B, 2B, 3B,
40 -0.62 +1.55 +0.07 +1.09 +6.79 +0.10
5.0 -1.40 -0.92 +11.61 +1.65 +1.00 -6.46
6.0 -1.53 -0.63 +15.88 +3.09 -0.54 -12.34
6.4 -1.53 +0.04 +17.36 +2.99 +().08 1537
7.0 -1.52 +1.11 +19.10 +2.83 +1.14 -14.17
8.0 -1.50 +3.15 +21.92 +2.15 +3.19 -14.86

10.0 -1.49 +7.25 +27.60 +2.35 +7.31 -15.72
12.0 -1.50 +11.07 +33.20 +2.35 +11.13 -16.88
14.0 -1.50 +15.53 +38.42 +2.39 +15.57 -17.57
16.0 -1.51 +21.82 +43.18 +2.37 +21.85 -16.73
18,0 ~1.52 +37.09 +47.51 +2.22 -7.38 +37.20
20.0 -1.51 +39.89 +51.76 +2.29 -10.53 +39.96
200 -1.54 +64.49 +67.38 +2.65 -2.85 +64.52

NOTE: A positive dipole moment is defined ns having the positive end of the vector pointing toward the Xe atom.
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Table 6. Vertical Transition Energies, T, Between the Ground X (lAl) and Excited States at 3elected
R(HCl+¢Xc) Distances

T (V)
State R=6.0% R=8.0P R=180 R=26.0 HCl
21A, 8.60 8.90 10.81 11.47
3lA, 10.81 11.82 13.86 14.48
1B, 8.32 8.23 8.07 8.04 7.90,€ 7.84¢
2'B, 8.75 8.89 9.96 9.93 9.65.° 9.674
3'B, 10.39 10.70 10.84 14.53

R is the distance, in bohrs, bctween Cl and Xe,

Cl-Xe distarce comresponding to lowest energy calculated for the 7((11‘\.l ) ground state.
¢ Adams and Chabalowski (to be published), for R(H-C1)=2.43 bohr,

d Bettendorff, Peyerimhoff, and Buenker (1982), for R(H-CI)=2.40 bohr.

=2

[Adams and Chabalowski, to be published], 0.48 {Van Dishoech, Van Hemert, and Dalgamo 1982]), to
be compared with the current value of p (R=26.0)=0.43 utomic units. Previous ab initio CI calculations
(Adams and Chabalowski, to be published) on HCI predict the permanent dipole moment for the (')

state to be -0.74 D, to be compared with the current value of -2.8 at R=26.0. Even though the value for
HClIXe is almost three times that of HCI, they are both relatively small dipole moments and both negative.
The 2B, state has the only negative permanent dipole of the three B, siates at R=26.0. The HCI and Xc
seem to have a rather long-range interaction as can be scen in the changing permancent dipole in Table 7,
as well as the transition dipole moments in Figure S, cven as R increases beyond 20 bohr (-10.6 Ay, So
at R=26.0, the 2B, clectronic state docs appear to be Rydberg in its extensiveness. This, coupled with
the calculated propertics, suggests that, at R=26.0, the 2B, correlates with the  C('M)«-X Rydberg

transition in HCI slightly perturbed by the ¢ atom,

It is now interesting to cxamine the rather large ~hanges in propertics as the Xc approaches the HCL.
In Figure 5, the transition moment shows irregular behavior in moving from R=26 to 16 bohr, particularly
in the region R=16-20. From the PECs in Figure 4, it appears that the 2B encounters avoided crossings
with other B states in this region, explaining the peculiar behavior of the transition moments in this
recgion. Beginning with p =0.31 atomic units at R=16, the transition moment increases as R decreases,

reaching a maximum of p.=0.78 aomic units af R=7.0, and finally decreasing to 0.22 at R=4.0. The
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vertical transition encrgy, T=8.89 ¢V, at R=8,0 (sec Table 6) show this transition to be scparated from the
1B« 1A, transition by only 0.66 cV. This is considerably less than the separation between the CeX

and A«<X transitions in HCl, i.c., AT, =1.75 ¢V, to which these two transitions appear to corrclate at
dissociation. One interpretation of this would be that the xenon atom preferentially stabilizes the € state
over the A state in HCL, It is also worth noting the depth of the lower minimum in the double-well
potential shown for this statc at R;=7.04 in Figure 4, If we define the barmrier to dissociation to be
AE"=Tg T 20,0 then AE =165 ¢V (37.9 keal/mol), which is a fairly sizable barricr to dissociation. The
permancnt dipole moment is calculated to be +3.2 D al R=8.0, similar to the 1B, state and much too small
to be considered as an clectron transfer state. In summary, for the region R=6.0~20.0 thc main CSFs for
2B, show it to be a statc composed of elcctron density from both Cl and Xe, hence having no counterpan
in the isolatcd Xc or HCIL. But at the largest R valuc treated here, R=26.0 bohr, the 2B, state becomes
aw—G" transition located primarily on the HC1 and roughly correlates with the CeX Rydberg transition

in HCI slightly perturbed by the xenon,

4,1.3 The 3B, State. At R=26.0 bohr, this statc is predicted 1o lic 14.53 ¢V above the ground state.
The earlier theoretical studics on HCI (Bettendorff, Peycrimhoff, and Buenker 1982; Van Dishocck,
Van Hemert, and Dalgamo 1982; Adams and Chabalowski, 10 bc published) did not report cxcited
clectronic states at such high transition encrgics, but cven if such high lying states had been reported, the
3B could not be associated with any HCI state duc to its description in its main CSF. This CSF, with
CI cocfficient c2=(),88, represents an electronic prometion from MO 1b; into 5a;, where 1b; is essentially
the Xe(p,) AO and Sa; is cssentially the Cl(s—Rydberg) AO. This statc then represents an ionic or
clectronic transfer state of I1 symmetry, One can substantiate this claim by examining the permancnt
dipole moments given in Table S, Its value at R=26.0 is +64.5 D, which obviously makes this a very
polar state. But if we look at the transition dipolc monicnt (Table 4) at R=26.0, we sce that there is
essentially zero probability for this electron transfer to occur. The excitation probability does increase as
R decreases, such that at R=16.0 the transition moment is calculated to be 0.18 atomic units, and the
transition energy has dropped to ~11 ¢V, whilc the permancit dipole moineni siill remains very large but
of opposite sign at -16.73 D. This change in sign of the permanent dipole moment in going from R=18.0
to 16.0 indicates a radical change in the character of the 3B, state, supponting the carlier statement that

the PECs for the B states show avoided crossings with onc another in this region.

For distances around R=8.0, the state is still seen to be charge transfer in nature with a dipole moment

of -14.9 D, I is interesting that the positive end of the dipole vector now points towards the hydrogen
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atom and not the xenon. This would suggest electron transfer from the chlorine (or HCl) toward the
xenon. A look at the main CSFs for the 3B, over the entirc PEC shows that this state, like the 2B, is
truly a statc that cxists due to the complex. The large and relatively steady decrease in the absolute
magnitude of the transition moment from R=6.0 to R=14.0 supports thc claim that the 3B, state does not

correlate closely with any state in the isolated species over any part of the PEC.

4.2 Ih_c_l_zil States. All the 1A1 states calculated here are predicted to be bound, although the ground
state 1A, is predicted to have a barrier to dissociation of only -0.035 eV calculated from R, =8.36 bohr,
The semi-empirical calculations of Lasi and George (1988) predict an R (HCI---Xe) of 7.22 bohr with an
H-Cl bond length of 2.41 bohr in the lincar HCIXc ground statc complex. The potential well, however,
is predicted to very shallow and broad as previously noted by Last and George (1988) and supporicd by
this work as shown in Figurc 6. Bascd on the level of theory used here, it is not possible to conclude
whether or not the ground state is indced bound. No efforts were made to cormect for the basis sct
superposition crror duc to the qualitative naturc of this study. The calculated D.’s for all the states are
listed in Table 7. Both the 2 and BIA1 states are described primarily by clectronic promotions from the
4a; MO of ¢ symmetry comprised almost entircly of atomic p, density on the Xe atom into the 5a; and
64, 6’ MOs. These arc the same ¢ MOs involved in the 16" cxcitations describing the main CSFs

in the 1Bl states.

4.2.1 The 2A State. The dominant CSF in the 2A; wave function foi R=6.0 to 16.0 bohr is a
4a,—5a, single excitation. The square of the CI cocfficicnt for this CSF is constant at c2=0.86 over this
region.  This represents an clectron promoted from an MO comprised essentially of the Xe(p,) atomic
orbitals into the Sa; 6 MO. Table 5 shows that the permanent electric dipole moment of the 2A, state
is nearly identical with the 2B, state for R26.4-16.0, and Figure 7 shows the two PECs to be cssentially
degenerate over the region R=8.0 to 16.0 bohr. The similaritics between these two states can be
rationalized in terms of the sum of the van der Waals radii for Cl + Xe which is predicted to be 7.6 bohr
for the electronic ground state of HCIXe, As Cl approaches Xe along the 7 axis, the clectron clouds for
the two atoms should begin penetrating one another around 7.6 bohr. To a rough approximation, outside
this distance the 4a; MO can be thought of as a perturbed Xe(p,) atomic orbital. In the 2B state, the
clectronic excitation arises primarily from the 1b; (m,) MO which is described predominavily by the
Xe(p,) atomic orbital for R)8.0. Thus, if the spherical symmectry of the xenon atom is only moderately

perturbed by HCL, an excitation out of the 4a; MO (i.c., Xc{p,] AO) should be nearly indistinguishable
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Figure 6. Potential energy curves for the three lowest 15+ electronic states belonging to the A, IRREP
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Figure 7. Potential energy curves for the 2A, and 2B, electronic states in linear HC1Xe¢.
(See section 4.2.1 for a discussion of these PECs.)
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able 7. Calculated D,'s for HCIXe®

State D, (eV)
1A, 0.035
2'A, 2.7
3la, 3.6
1'B, b
2'B, 1.1
3lB, 0.93

: D ~E(4=8.0) - E(R=26.0), with R being the Cl-Xe separation in bohrs.
Has a barrier to dissociation of 0.02 ¢V at R=16.0 bohr, but predicted to be unbound by
definition of D, given in footnote a.

from an cxcitation out of the 1b;(x,) MO (i.c.,, Xc[p,] AO) as is the casc for the 2B swute. (The reader
is reminded that both the A; and B, states arc characierized by cexcitations into the same two 6" MOs.)
Hence, the PECs for ihe 2A, and 2B, begin to sphit apart (see Figure 7) for distances less than the sum

of van der Waal's radii which is near -8 bohr.

Between R=5.5 and 7.0 bohr, the 2A, acts as if it is being preferentially stabilized over the 2B, state
by the approach of the Cl and Xe atoms. The permanent dipole moment in the region R=8.0-16.0 (+3.2
and +21.8 D at R=8.0 and 16.0, respectively) is too small for this to be considered a charge transfer state,
however, one might interpret it as a Rydberg state polarized by the electro-negativity of the Cl atom. The
transition moment remains large and rather constant, with values of p} =0.69 atomic units at R~6.0 bohr
o 0.57 g R=160. The fact that the transition moment remains both constant and large over such a

distance also supponrts the interpretation of this as a Rydberg state. For values of R210.0 bohr, the tal(o*')
has a significantly larger contribution from the Xe s-type AOs than any AOs on HCI. For these larger
scparations, the state resembles an Xe p,—o(s) Rydberg state of the xenon atom strongly perturbed by
the HCI,

In the region R=18.0-20.0, there are apparently avoided crossings occurring amongst the A excited
states, having a significant effcet on the energics (see Figure O), permanent dipole moments, and transition
dipole moments (sce Figure 8). Finally, at R=26.0 bohr, uix¢ wave function is described by a CSF

representing an electron promoted from the Xe(p,) AOs into the Rydberg a(s) MO comprised almost
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Figurc 8. Absolute value of the electric dipole transition moment, p, (in_atomic units), for the
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cntirely of Cl s-type AOs. The permanent dipole moment is +64 D, which is roughly the value of unit
positive and negative charges separaicd by 26 bohr. This now appears to be a charge transfer state,
however, the probability for reaching this state from the ground state is practically zero due to a vanishing

transition dipolc moment.

42,2 The 3A; State. The 31A1 resembles a truc charge transfer state. This is substantiated by the
value of the permancnt dipole moment. At R=8.0, the dipole is predicted to be +21.9 D, while two unit
point charges of opposite sign scparated by 8.0 bohr would have a dipole moment of +20.3 D. The R,
is predicted to be 5.35 bohr, in good agreement with the bond length for the "4i" ionic state calculated
to be R,=5.52 bohr by Last and George (1988). It should be noted that their HCl bond length was
allowed 10 vary in their optimization and was predicted to be 2.99 bohr, which is 0.58 bohr longer than
the fixed bond length of R(HCI)=2.41 used here. The ventical transition cnergy at R=5.0 is T=9.62 ¢V,
while T =10.86 ¢V calculated with R =5.35 for the 3A,. This can be compared to Last and George's
value of T,=8.43 ", r1ken between the analogous minimum energy structures. Again it should be pointed
out that our pued cied T, for the 3A, state is undoubtedly too high duc to having fixed the H—Cl bond
length at 2.41 bohr. At R=5.0), this statc is primarily described by a CSF defined as a single excitation
4a,—0a,, o state. This represents an clectronic excitation from the Xc p, atomic AOs into an MO
localized mostly on the HCY and having H-Cl o-antibonding character, This would suggest a longer bond

length for the H-Cl in this state, consistent with the results of Last and George (1988).

As R increases, the 3A; state soon becomes the highest lying veitical transition calculated in this
study, with T=11.82 ¢V at R=8.0. The transition cnergy steadily increases (except at R=20.0, see Table 6)
to 14.48 ¢V al R=26.0 bohr. The 3A,« X transition is calculated to be very intense for R<7.0. The
transition dipole moment drops rapidly from a valuc of p;=2.17 atomic units at R=4.0 to p,=0.0 at R=10.0
(sce Figure 8). Along with the changing p,, the character of the 6a; MO changes from onc arising from
density on HCI 1o one with contributions from all three atoms as R gocs from 6 to 16 bohr. In the region
of avoided crossings around R=18-2().0, the transition moment is scen to be small and finally drops to

essentially zero at R=26.0),

This type of state, at Icast in the region R=6.0-8.0 bohr, could serve as a model for studying the
charge transfer excitation in solid xenon matrices doped with HCI as reported by Apkarian and coworkers
(Fajardo and Apkarian 1986; 1987; 1988a; 1988b; Schwentner, Fajardo, and Apkarian 1989; Wicdeman,

Fajardo, and Apkarian 1987). As mentioned in the introduction, the Cl-Xe distance has been estimated
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to be 64 bohr in the gas phase 4°T" state of the charge transfer exciplex Xe,Cl. These calculations
predict a large probability of charge transfer in the 3A; for R=6.0-8.0 bohr based upon the calculated
transition dipole and permanent dipole moments. This might then be followed by dissociation of HCI duc

to the H-Cl 0'—amibonding character of the 6a; MO which places a major role in describing the 3A, state.
5. CONCLUSIONS

It has been shown that much insight into the XeCl interactions can be achicved through the
combination of effecti* ¢ core potentials and wave functions obtained from state average MCSCF and CI
calculations. The results on XeCl compare favorably with carlier ab initio work by Hay and Dunning
(1978), but it is clear that the spin-orbit corrections now available to us will be indispensable for attaining

quantitative accuracy in predicting transition cnergics and transition strengths.

The results of the HCI-Xe calculations have produced much insight into the fundamental nature of the
excited states in this system, The 1 and 21B1 states arc predicted to look like molecutar HCI states
perturbed by the Xe atom at values of R(HCI-Xe) less than 10 bohr, At dissociation, these states closely
rescmble the A and €(¢'n) states of HCI plus a ground statc Xe¢ atom. In contrast, the BIB1 state
shows characteristics associated with the HCIXe molecule as a whole, represented by an clectron
promintion of w(XeCl)—»o(HCiXc).

The 2'A, state also shows characteristics associated with the cntire HC1X¢ molecule. But the 3'A,
state is by far the most interesting and clearly represents a charge transfer state with a transfer of an

clectron from the Xe atom to an antibonding o(HCl) MO, just as predicted from the experiments of

Apkarian and coworkers in the halogen-doped xenon (and other Rg) matrices.
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